Introduction
============

Calcium-dependent methanol dehydrogenases (MDH) have been known for over 50 years.[@cit1] However, the recently discovered lanthanide (Ln)[‡](#fn2){ref-type="fn"} [^2]-dependent MDH are also widespread in bacteria inhabiting different ecosystems and this has sparked a growing interest in lanthanide-dependent metalloenzymes.[@cit2],[@cit3] These enzymes are mostly found in methanotrophic and methylotrophic bacteria, organisms that metabolize C~1~ compounds such as methane or methanol. We recently reported the crystal structure of a Eu-MDH isolated from *Methylacidiphilum fumariolicum* SolV, a thermoacidophile that is strictly dependent on Ln for growth.[@cit4] The structure reveals, in addition to the europium ion in the active site, the presence of pyrroloquinoline quinone (PQQ), a redox cofactor that is commonly found in many alcohol dehydrogenases ([Fig. 1](#fig1){ref-type="fig"}).[@cit5] PQQ needs a Lewis acid for activation (Ca^2+^, Ln^3+^) and this cofactor is reduced to the quinol form (PQQH~2~) concurrent with methanol oxidation. Further, the metal ion in the active site is proposed to be involved in proper substrate orientation and binding.[@cit6] DFT calculations by Schelter and coworkers revealed that a trivalent lanthanide is superior to calcium([ii]{.smallcaps}) in cofactor activation.[@cit7] For Ca-MDH, cytochrome C~L~ has been found to be the redox partner *in vivo*.[@cit8],[@cit9] Some bacteria possess both genes for the Ca- as well as for the Ln-dependent enzyme.[@cit10]--[@cit15] In these bacteria lanthanides are also involved in gene expression and regulation and a sensing mechanism for Ln has been proposed but is still not well understood.[@cit11],[@cit16]--[@cit19] Not all lanthanide ions support growth of Ln-dependent bacteria equally and not all of them are able to produce an active MDH enzyme. A preference for the lighter, more abundant Ln has been noted both in laboratory and field experiments.[@cit10],[@cit12],[@cit20],[@cit21] For example, during the Deepwater Horizon blowout in 2010, millions of moles of natural gas were released into the environment, leading to a bloom of methanotrophic bacteria.[@cit22]--[@cit26] Analysis of water samples taken near the site revealed, that concurrent to the bacterial methane consumption, light lanthanides (La, Ce, Pr and Nd) were depleted during the event.[@cit21] Masuda *et al.* recently reported that Ho^3+^ and Lu^3+^ did not support growth of *Methylobacterium aquaticum.*[@cit10] In addition, the Ln-dependent alcohol dehydrogenase from *Pseudomonas putida* did show catalytic activity upon addition of earlier lanthanides like La^3+^ but not with late Ln like Yb^3+^.[@cit12] We recently reported that there is a link between the growth rate of strain SolV and the catalytic efficiency of the methanol dehydrogenase.[@cit4] This enzyme is pivotal to the energy metabolism of methanotrophic and methylotrophic bacteria. The early Ln like La^3+^ and Pr^3+^ led to fast growth of strain SolV and high MDH activity while cultivation with Eu^3+^ was slower, albeit still exponential bacterial growth occurred, and this metal ion was able to produce an active MDH enzyme. However, addition of Yb^3+^ to purified MDH lead to a strong decrease in activity and this element did not support exponential growth of strain SolV. These results are surprising, as the later Ln^3+^ should be better Lewis acids owing to their decreased ionic radius, a result from the lanthanide contraction.[@cit27]

![Left: Active site of Eu-MDH from strain SolV (PDB [6FKW](6FKW)). Image generated with the UCSF Chimera package.[@cit28] Right: Schematic overview of the MDH-methanol oxidation. MDH from strain SolV is also capable of oxidizing formaldehyde to formic acid.](c8dt01238e-f1){#fig1}

Why are the chemically similar lanthanides not supporting growth and MDH activity equally? This question prompted us to study the activity of MDH isolated from *M. fumariolicum* SolV in the presence of the entire lanthanide series (La--Lu, excluding Pm). It should be noted that strain SolV is strictly dependent on Ln, as it does not possess the gene for Ca-MDH.[@cit20] Kinetic investigations were complemented by DFT calculations of the active site and we drew from previously published studies in lanthanide coordination chemistry and the methanol dehydrogenase literature to get a full picture of the impact of the lanthanide contraction and the resulting changes such as Lewis acidity and coordination number-preference along the series on the activity of MDH.

Results and discussion
======================

MDH assay optimization
----------------------

The activity of MDH towards methanol was assessed with a dye-linked assay ([Scheme 1](#sch1){ref-type="fig"} and Fig. S1[†](#fn1){ref-type="fn"}) using 2,6-dichlorophenolindophenol (DCPIP) as redox indicator, phenazine ethosulfate (PES) as artificial electron acceptor and PIPES buffer (20 mM, pH 7.2).[@cit1],[@cit29] The unfavorable solubility product of lanthanide phosphates precluded the use of phosphate buffer for our experiments.[@cit30]

![The assay components for assessing MDH activity.](c8dt01238e-s1){#sch1}

Further, potassium cyanide was added to the assay. While cyanide prevents inhibition of MDH by PES it is also added to suppress endogenous substrate activity in MDH.[@cit31]--[@cit33] It should be noted, that under the conditions of the assay (pH 7.2), the cyanide is present mainly in its protonated form (HCN) in solution and that the solubility of HCN is temperature dependent.[@cit34] The nature of the endogenous substrate for methanol dehydrogenases has remained unresolved for the past decades but traces of alcohols and aldehydes present in the reagents used have been named.[@cit1],[@cit32] We further added a large excess of methanol (50 mM) to the assays to ensure this substrate was preferentially turned over. This assay is artificial in every way and prone to error, so it is important to investigate different systems under the same conditions and use caution when comparing results. The cultivation of strain SolV with Eu^3+^ and subsequent purification of Eu-MDH was reported recently.[@cit4] The enzyme is obtained in a 'partial-apo' form after purification where 70% of the active sites are substituted with Eu^3+^ and the remaining 30% are not occupied but can be reconstituted by adding additional Ln.[@cit4] The addition of increasing amounts of europium([iii]{.smallcaps}) to 200 nM purified 'partial-apo' Eu-MDH led to a gradual increase in activity until saturation around 5 to 20 μM added metal was observed.[@cit4] It is proposed that this excess of lanthanide ions will lead to a 100% occupation of the active site in MDH. The activity towards methanol oxidation upon La^3+^, Pr^3+^ and Nd^3+^ addition to MDH follows the same saturation kinetics as the addition with Eu^3+^, where, between 0 and 5 μM, a sharp increase in activity was observed, with saturation behavior for higher concentrations ([Fig. 2](#fig2){ref-type="fig"}). An investigation of a potential inhibiting effect of added lanthanide ions at higher concentrations than 20 μM was precluded by a background reaction of the assay mix (PES, KCN, DCPIP in buffer) in the absence of MDH. It is worth noting here, that the determined affinity (of 'partial-apo' Eu-MDH) for the chosen lanthanides was not significantly different (*K*~assoc~(La) = 0.55 ± 0.19 μM, *K*~assoc~(Pr) = 0.52 ± 0.20 μM, *K*~assoc~(Nd) = 0.49 ± 0.17 μM and *K*~assoc~(Eu) = 0.53 ± 0.21 μM) but rather the specific activity (SA) of the enzyme in the presence of these different metal ions varied (Normalized SA: La = 0.13 ± 0.01, Pr = 0.17 ± 0.01, Nd = 0.18 ± 0.01, Eu = 0.08 ± 0.01).

![Normalized specific activity (*n* = 3, for 5 and 10 μM *n* = 1) of 200 nM 'partial-apo' Eu-MDH in the presence of increasing amounts of LnCl~3~, error bars were omitted for clarity, standard deviations from the mean were less than 10%. The data was normalized by subtracting the activity of Eu-MDH without added Ln from the data.](c8dt01238e-f2){#fig2}

The metal ion affinity constant for Eu differed slightly from the one reported earlier (*K*~assoc~(Eu) = 2.6 ± 0.6 μM) as we adjusted the assay for the use of a plate-reader instrument and the resulting variations in PES, DCPIP, methanol and 'partial-apo' Eu-MDH concentrations and ratios are known to have an impact on the assay values.[@cit4] It is thus of importance to compare only results obtained under the exact same conditions, ideally obtained with the same stock solutions (artificial electron acceptor, redox indicator, methanol and 'partial-apo' Eu-MDH concentrations, temperature and pH and used buffer). We also conducted a titration with lutetium([iii]{.smallcaps}) under the same conditions as described in [Fig. 2](#fig2){ref-type="fig"}. However, increasing amounts of Lu^3+^ led to a gradual decrease of MDH activity. This indicates, that upon addition of an excess of lanthanide ions (20 μM Ln to 0.2 μM MDH), the active site metal (here Eu) can be replaced to some extent. Without the addition of MDH, the assay mixture did not show a background reaction in the presence of any of the Ln at the concentration used (20 μM).

Kinetic experiments with the entire lanthanides series
------------------------------------------------------

The differences in stimulated MDH activity by the early lanthanides La^3+^, Pr^3+^, Nd^3+^ compared to Eu^3+^ and Lu^3+^ prompted us to study the effect of equal concentrations of every lanthanide in the series to gain more insight into the differences caused by the lanthanide contraction on MDH activity. Based on the observations made in the titration experiment, we chose the same conditions for all lanthanides and added 20 μM (saturation conditions) of the respective chloride salts to 200 nM 'partial-apo' Eu-MDH in a subsequent assay. [Fig. 3](#fig3){ref-type="fig"} shows the differences in activity for 'partial-apo' Eu-MDH upon addition of the lanthanide series (La--Lu, Pm not included). The data was normalized to 1 for the MDH activity without added lanthanides (here 10 μL H~2~O were added to achieve the same total volume in the sample well as in the Ln samples). Surprisingly, the addition of the late lanthanides (Tb^3+^ to Lu^3+^) decreased the activity compared to when no additional lanthanide ions were added to Eu-MDH (entry H~2~O in [Fig. 3](#fig3){ref-type="fig"}). Ln above Tb^3+^ increased activity gradually from Gd^3+^ to Nd^3+^, while Pr^3+^ and La^3+^ were slightly lower in activity than Nd^3+^ but still among the three best metal ions for maximum activity.

![Ionic radii of the lanthanides([iii]{.smallcaps}) in aqueous solution as determined by D\'Angelo *et al.*[@cit35] Normalized specific activity (*n* = 6) of 200 nM Eu-MDH in the presence of 20 μM of LnCl~3~. Conditions: 20 mM PIPES pH 7.2, 1 mM PES, 1 mM KCN, 100 μM DCPIP, 50 mM MeOH, 45 °C.](c8dt01238e-f3){#fig3}

The turnover point for an enhancing effect of an added Ln turning into a negative effect on catalysis occurs right after gadolinium([iii]{.smallcaps}). From our data, it is difficult to make a statement on whether the much discussed 'gadolinium break' is of relevance here.[@cit36],[@cit37] The decrease of activity in the presence of some lanthanides suggests that the later Ln are able to exchange with europium([iii]{.smallcaps}) in the active site. This exchange might be dependent both on the external Ln^3+^ concentration as well as on the properties of the Ln^3+^ itself. The assay with Ce^3+^ did not yield reproducible results, despite several attempts. While the assay mix itself (buffer, PES, DCPIP, KCN) did not show a background reaction when cerium([iii]{.smallcaps}) was added, the DCPIP reduction varied greatly in the presence of 'partial-apo' Eu-MDH. We attribute this to the property of cerium to exist not only in the trivalent form but also in its tetravalent state.[@cit27] Traces of Ce^4+^ present in the medium (not bound to the enzyme active site) might oxidize the reduced, colorless DCPIP dye back to the colored form and thus led to problematic results in the determination of MDH activity. This derivative was included in [Fig. 3](#fig3){ref-type="fig"} for the sake of completeness but is not further discussed. It should be noted here again, that early (and larger) lanthanides are preferentially depleted by methanotrophic bacteria as demonstrated with samples collected during the Deepwater Horizon catastrophe.[@cit21],[@cit38] These studies could indicate that not only the activity of MDH is tuned to utilize the early lanthanides, but also the metal ion uptake mechanisms in these bacteria. This effect is most pronounced for La^3+^, Ce^3+^, Pr^3+^ and Nd^3+^, Ln^3+^ that also yielded highly active MDH derivatives in our experiments and in enzymatic studies by others.[@cit11] This observation is however not limited to MDH isolated from methanotrophic and methylotrophic bacteria. Klebensberger and coworkes have shown that activity of an alcohol dehydrogenase isolated from *P. putida* (a non-methylotrophic organism) was observed with La^3+^, Ce^3+^, Pr^3+^, Nd^3+^, Sm^3+^, Gd^3+^ and Tb^3+^, and was highest with Pr^3+^ and Nd^3+^. Lu^3+^, Tm^3+^, Ho^3+^ and Eu^3+^ were not investigated and Er^3+^ and Yb^3+^ as well as the two rare earth elements Sc^3+^ and Y^3+^, did not produce an active enzyme.[@cit12] These findings together with our results suggest that these alcohol dehydrogenase systems are tuned by evolution to utilize and function with the earlier, more abundant lanthanides. However, why do Pr^3+^ and Nd^3+^ stimulate the highest activity? And why does the activity gradually decrease after Nd^3+^ albeit increasing Lewis acidity of the central metal ion? To answer these questions, the properties of the trivalent lanthanides along the series and the different mechanisms which have been proposed for methanol dehydrogenases, have to be considered.

MDH mechanisms and possible impact of Ln size
---------------------------------------------

### Specific activity and substrate affinity

The redox cofactor PQQ needs a Lewis acid for activation of the C5 quinone C--O bond ([Fig. 4](#fig4){ref-type="fig"}).[@cit1],[@cit6] However, the role of the Lewis acid in the active site might go beyond that purpose. Its additional involvement in cofactor (PQQ) orientation,[@cit6],[@cit39] cofactor redox cycling,[@cit7] substrate orientation,[@cit40] and substrate activation (by means of polarization of the O--H bond)[@cit40] have been debated. Two general mechanisms (and variations thereof) have been proposed based on DFT, model and crystallographic studies: the hemiketal and the hydride transfer mechanism (key steps are shown in [Fig. 4](#fig4){ref-type="fig"}).[@cit6],[@cit39]--[@cit44] Through the series given that the coordination number does not change, Lewis acidity steadily increases, due to the decreasing ionic radius, caused by the lanthanide contraction ([Fig. 3](#fig3){ref-type="fig"}).[@cit45] The specific activity (SA) of the enzyme should therefore steadily increase if this kinetic parameter were (solely) dependent on Lewis acidity of the metal ion in the active site. The low, or rather absence of any, SA for Lu^3+^ and the other late lanthanide ions ([Fig. 3](#fig3){ref-type="fig"}) however showed, that Lewis acidity and activation of the C5 carbonyl bond in PQQ is not the only factor that needs to be considered. Increased Lewis acidity might be the explanation why Pr^3+^ and Nd^3+^ led to more active enzyme derivatives than La^3+^, but as we progress in the series, this positive impact is overruled by another factor.

![Key steps of the two proposed mechanisms in methanol dehydrogenase enzymes.](c8dt01238e-f4){#fig4}

Harris and Davidson reported a comparison of Ca-MDH and Sr-MDH isolated from *Methylobacillus glycogenes*. The authors demonstrated that Sr^2+^, while having a 20% larger ionic radius than Ca^2+^, produced the more active enzyme but with a decreased affinity for substrate ([Table 1](#tab1){ref-type="table"}).[@cit46] Goodwin and Anthony reported the kinetic parameters of Ca-MDH, Sr-MDH and Ba-MDH from *Methylobacterium extorquens*.[@cit47] Here, the same trend -- the larger the alkaline earth ion, the higher the *v*~max~ but the lower the substrate affinity -- was observed ([Table 1](#tab1){ref-type="table"}). Increased Lewis acidity does not seem to necessarily have a positive effect on catalysis. It is interesting that in this study the native metal ion calcium([ii]{.smallcaps}) does produce the slowest enzyme. However it is the derivative with the best substrate affinity. The large decrease in substrate affinity upon substitution with barium([ii]{.smallcaps}) suggests that this 25% larger, non-biologically relevant metal ion perturbs the active site and interferes with proper substrate binding. DFT calculations of the active site with Ca^2+^ or Ba^2+^ as the central metal were performed by Mainardi *et al.*[@cit48] It was shown that the activation energy for methanol oxidation of Ca^2+^ containing MDH was doubled compared to the Ba^2+^-derivative. By calculating the energy barriers for both the hemiketal- and the hydride-transfer mechanism, they further showed, that for both mechanisms almost all free-energy barriers were reduced in the presence of Ba^2+^.[@cit48] Within the lanthanide series, the larger derivatives are also superior to the smaller Ln and stimulate the highest activity. However, one has to keep in mind that with the lanthanide-dependent MDH, the larger Ln are the native metal ions and the later, less abundant Ln might play only a minor role in biological systems. Further, differences between Ln-MDH isolated from different bacteria have been noted.[@cit11],[@cit20] Ln-MDH isolated from strain SolV does not require activation by ammonia or methylamine in the dye-linked assay and has a pH optimum of 7 while the Ln-MDH isolated from *M. extorquens* does need methylamine and pH 9 to function properly ([Table 1](#tab1){ref-type="table"}).[@cit11],[@cit13],[@cit20] [Table 1](#tab1){ref-type="table"} also demonstrates the importance of the assay conditions such as temperature (30--60 °C were reported), the chosen buffer and pH (phosphate, PIPES or TRIS buffer, pH 7--9),[@cit4],[@cit11]--[@cit13],[@cit20],[@cit46],[@cit47],[@cit49] type of electron acceptor and redox indicator (PES, PMS, Wursters Blue, cytochrome C~L~)[@cit12],[@cit29],[@cit33],[@cit50] and the presence of activators or competitive inhibitors (KCN, imidazole, ammonium ions, methylamine)[@cit13],[@cit32],[@cit33],[@cit46] for the kinetic parameters that are obtained. Further, some of the components *e.g.* PES and PMS are light sensitive and degradation during handling can impact the effective concentration of these reagents in the assay. Hence one should only compare kinetic parameters of systems that have been obtained under the same conditions.

###### Kinetic parameters of alcohol dehydrogenase enzymes

  Enzyme system (substrate)                                      *v* ~max~ \[μmol min^--1^ mg^--1^\]   *K* ~M~ \[μM\]   *k* ~eff~ (*k*~cat~/*K*~m~) \[mM^--1^ s^--1^\]
  -------------------------------------------------------------- ------------------------------------- ---------------- ------------------------------------------------
  Ca-MDH[^*a*^](#tab1fna){ref-type="table-fn"} [@cit46] (MeOH)   7.3                                   15               ---
  Sr-MDH[^*a*^](#tab1fna){ref-type="table-fn"} [@cit46](MeOH)    21.8                                  46               ---
  Ca-MDH[^*b*^](#tab1fnb){ref-type="table-fn"} [@cit47](MeOH)    0.81                                  3                ---
  Sr-MDH[^*b*^](#tab1fnb){ref-type="table-fn"} [@cit47](MeOH)    1.08                                  22               ---
  Ba-MDH[^*c*^](#tab1fnc){ref-type="table-fn"} [@cit47](MeOH)    1.61                                  3500             ---
  Ln-MDH[^*d*^](#tab1fnd){ref-type="table-fn"} [@cit20] (MeOH)   4.4                                   0.8              5800
  Eu-MDH[^*e*^](#tab1fne){ref-type="table-fn"} [@cit4] (MeOH)    0.189 ± 0.006                         3.62 ± 0.44      55
  Pr-ADH[^*f*^](#tab1fnf){ref-type="table-fn"} [@cit12] (EtOH)   10.6 ± 0.4                            177 ± 31         66 ± 12
  La-ADH[^*g*^](#tab1fng){ref-type="table-fn"} [@cit13] (MeOH)   6.6                                   5980             2
  La-ADH[^*g*^](#tab1fng){ref-type="table-fn"} [@cit13] (EtOH)   6.4                                   0.9              14 500
  Eu/Lu-MDH[^*h*^](#tab1fnh){ref-type="table-fn"} (MeOH)         0.020 ± 0.002                         0.82 ± 0.39      26
  Eu-MDH[^*h*^](#tab1fnh){ref-type="table-fn"} (MeOH)            0.043 ± 0.002                         0.91 ± 0.24      50
  Eu/La-MDH[^*h*^](#tab1fnh){ref-type="table-fn"} (MeOH)         0.151 ± 0.005                         1.30 ± 0.21      123

^*a*^Conditions: pH 9, 30 °C, 6 mM (NH~4~)~2~SO~4~, 3 mM Wursters blue, 6 mM KCN, MDH from *M. glycogenes.*

^*b*^pH 9.0, 10 mM NH~4~Cl.

^*c*^pH 9.0, 100 mM NH~4~Cl, MDH from *M. extorquens.*

^*d*^Ln = mixture of La, Ce, Pr, Nd, 60 °C, 100 nM MDH, pH 7, 2 mM PES, 40 μM DCPIP, MDH from *M. fumariolicum*.

^*e*^pH 7.2, 45 °C, 100 nM MDH, 1 mM PES, 1 mM KCN, 80 μM DCPIP, 20 μM EuCl~3~, MDH from *M. fumariolicum*.

^*f*^pH 8, 30 °C, 0.5 mM PMS (phenazine methosulfate), 150 μM DCPIP, 25 mM imidazole, 1 μM PrCl~3~, 1 μM PQQ, ADH = Alcohol dehydrogenase from *P. Putida*.

^*g*^pH 9, 100 μM, LaCl~3~, 5 mM methylamine, 10 mM PQQ, 100 μM DCPIP, 100 μM PMS. ADH = Alcohol dehydrogenase from *M. extorquens.*

^*h*^pH 7.2, 45 °C, 200 nM MDH, 1 mM PES, 1 mM, KCN, 100 μM DCPIP, 20 μM LnCl~3~, MDH from *M. fumariolicum*, this work.

Ideally one could purify individual MDH derivatives with each of the different Ln in the active site and compare them under the same assay conditions. However, this endeavor is somewhat hampered by the absence of bacterial growth with the late lanthanides. In lieu of alternative purified Ln-MDH derivatives we nevertheless obtained catalytic parameters for some of the mixed Eu-MDH + Ln species in this study ([Fig. 5](#fig5){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}). 20 μM of Eu^3+^, La^3+^ or Lu^3+^ were added to 200 nM Eu-MDH and increasing amounts of methanol were added (0, 1, 2, 5, 10, 20, 50 μM and 50 mM). As with the data in [Fig. 2](#fig2){ref-type="fig"}, the most striking difference among the derivatives (Eu + Lu, Eu + Eu and Eu + La) was the specific activity and the resulting difference in catalytic efficiency which increased with increasing size of the added metal ion ([Table 1](#tab1){ref-type="table"}). Methanol affinity was in this experiment the same within error, and if there are slight differences between the derivatives they are not able to be detected due to the presence of mainly Eu^3+^ in the active site ([Fig. 5](#fig5){ref-type="fig"}). Previously, it was shown that MDH from SolV with a mixture of the larger Ln in the active site (La, Ce, Nd, Pr) exhibited a slightly increased affinity for substrate compared to Eu-MDH ([Table 1](#tab1){ref-type="table"}).[@cit4],[@cit20] However it should be mentioned here that the parameters of the assay were slightly different.

![Specific activity (*n* = 2) of 200 nM Eu-MDH in the presence of 20 μM LnCl~3~ with increasing amounts of methanol. Conditions: 20 mM PIPES pH 7.2, 1 mM PES, 1 mM KCN, 100 μM DCPIP, 45 °C.](c8dt01238e-f5){#fig5}

We were further interested in how the specific activity would be influenced by a mixture of an early (La^3+^ or Nd^3+^) and a late (Lu^3+^) lanthanide. Since activity measurements included the addition of different Ln^3+^ to Eu-MDH which is already occupied to 70% with Eu^3+^, a competition among the different metals for the active site has to be taken into account. Additional activity measurements were conducted in the presence of La^3+^, Nd^3+^, or Eu^3+^ together with increasing amounts of Lu^3+^ as competing metal for the active site ([Fig. 6](#fig6){ref-type="fig"}). The total amount of additional metal was kept constant at 20 μM. Hence, 100% in [Fig. 6](#fig6){ref-type="fig"} stands for 100% La^3+^ (20 μM), 75% stands for 75% La^3+^ and 25% Lu^3+^ (15 μM and 5 μM, respectively) and so forth. While the amount of Lu^3+^ decreased the MDH activity in the presence of La^3+^ and also, slightly, the one with Eu^3+^, the activity of MDH in the presence of Nd^3+^ was relatively unaffected by lutetium([iii]{.smallcaps}) addition. Interestingly, all measurements showed a higher activity at 50% *e.g.* La^3+^/Lu^3+^ (10 μM each) than the averaged values between 0 and 100% Lu^3+^. The following paragraphs will discuss how the central metal ion could impact catalytic parameters and explain the differences among the lanthanides.

![Mixed Ln normalized specific activities (*n* = 3) of 200 nM Eu-MDH in the presence of 20 μM LnCl~3~ (Ln = Lu + La/Nd/Eu). Conditions: 20 mM PIPES pH 7.2, 1 mM PES, 1 mM KCN, 100 μM DCPIP, 50 mM MeOH, 45 °C.](c8dt01238e-f6){#fig6}

### Coordination numbers and substrate orientation

The preferred coordination number (CN) of the active site ion could have an impact on substrate binding to the active site and on the surrounding amino acid/hydrogen-bond network that is important for proton abstraction during catalysis. The high SA of Nd^3+^ could be explained then as a compromise of a relatively high Lewis acidity while maintaining a high CN to bind the substrate. Drawing from lanthanide coordination chemistry, where researchers have studied the factors influencing the CN in simple lanthanides complexes, it has been shown that, regardless of other factors like the type of ligands or the used solvent, the preferred coordination number throughout the lanthanide series gradually decreases.[@cit45],[@cit51] For example, the number of water molecules in the complex \[Ln(NO~3~)~3~(terpy)(H~2~O)~*n*~\] is reduced throughout the lanthanide series (*n* = 2 for La, 1 for Ce--Dy, 0 for Ho--Lu).[@cit45] A lower coordination number preference of the late lanthanides could influence the ability to bind substrate and further disrupt the H-bond network around the active site to some extent. We investigated this for the entire series with DFT calculations. Generally, the influence of the protein environment on the CN and substrate orientation in enzyme active sites as well as solvent effects in lanthanide complexes have also been modelled in the past by molecular dynamics approaches.[@cit42],[@cit52]--[@cit54] As previously demonstrated for La^3+^, Pr^3+^, Eu^3+^ and Yb^3+^, depending on the presence of substrate, the state of the cofactor and the Ln^3+^, as well as the chosen calculation parameters, the coordination mode of the active sites amino acids in the geometry optimized structures does vary.[@cit4] Calculations for the entire lanthanide series were conducted in a way similar to a previously published procedure reported by Schelter *et al.*[@cit7] Detailed calculation methods and input files, as well as detailed information of the bond angles and distances for the optimized structures are given in the materials and methods section and the ESI (Fig. S2--S4 and Tables S1--S4[†](#fn1){ref-type="fn"}). Calculations revealed that over the Ln series, the binding mode of the active site ligands and thus the coordination number of the metal ion change during geometry optimization (Fig. S2--S4 and Tables S1--S4[†](#fn1){ref-type="fn"}). Over the lanthanide series, several turnover points were observed (Fig. S4[†](#fn1){ref-type="fn"}). A change in coordination mode of the (in the crystal structure) bidentate Asp301 residue (only present in Ln-MDH but not Ca-MDH) was also observed in the calculations of the Ce^3+^ PQQ derivative by Schelter and coworkers.[@cit7] Further it was noted, that the catalytic base Asp299 displayed a high degree of flexibility. We have further tested the influence of different parameters such as solvent effects, a smaller ECP and free refinement (unfrozen) of the ligands on the final coordination number and these results are presented in Fig. S5--S8.[†](#fn1){ref-type="fn"} Altering these parameters did not change the final coordination number of the active site metal.

In general, a preference for a lower coordination number in the active site, throughout the Ln series was shown by the DFT calculations in the gas phase, which would be in line with the observations made by coordination chemists studying the entire Ln-series.[@cit27],[@cit45],[@cit51],[@cit55] However, the CN in MDH is mostly set by the protein environment and the most flexible ligand would still be the substrate. In our experiments however, substrate affinity was hardly affected.

There are several other aspects to how the Lewis acid in the active site might influence methanol oxidation: (i) *Substrate deprotonation*. Proton abstraction from the substrate by the aspartate residue (here Asp299) is proposed to be assisted by the Lewis acid ([Fig. 4](#fig4){ref-type="fig"}).[@cit40] In crystal structures of MDH, MeOH is often found coordinating to the Lewis acid and this ligation has been proposed to be beneficial for proton abstraction by lowering the p*K*~a~ value.[@cit56] In our calculations of the active quinone PQQ form with substrate, the distance of the substrate oxygen to the PQQ C5 carbon was relatively constant between 3.41--3.42 Å. However, the distance of the substrate oxygen to the central metal decreased with decreasing ionic radius as expected throughout the lanthanide-series (2.67 Å for La, 2.56 Å for Lu, Table S1[†](#fn1){ref-type="fn"}). This is a common feature found in Ln-complexes. For the complex \[Ln(TREN-1,2-HOIQO)(H~2~O)\], the sum of Ln--O bond lengths quadratically decrease throughout the Ln-series.[@cit55] This pull towards the Lewis acid could hinder the H-transfer or the nucleophilic attack of the methanolate. Further it is interesting to note, that the distance of the aspartate residue in the active site (the one proposed to act as a general base to abstract the proton from the substrate) to the Lewis acid differs greatly in the reported structures of the Ca- and Ln-MDH derivatives. In Ca-MDH from *M. extorquens* (PDB: ; [1H4I](1H4I), 1.94 Å resolution) the Asp303-Ca distance (shown as red dashes in [Fig. 4](#fig4){ref-type="fig"}) was reported to be 3.56 Å or 3.61 Å (PDB: ; [1W6S](1W6S), 1.2 Å resolution) while in Ca-MDH from *Methylophilus methylotrophus* W3A1 (PDB: ; [4AAH](4AAH), 2.4 Å resolution) the Asp297-Ca distance is reported as 3.25 Å.[@cit57]--[@cit59] The two available Ln-MDH structures available to date are both enzymes isolated from strain SolV and show for Ce-MDH (PDB: ; [4MAE](4MAE), 1.6 Å resolution) a significantly shorter Asp299-Ce distance of 2.86 Å and for Eu-MDH (PDB: ; [6FKW](6FKW), 1.4 Å resolution) a Asp299-Eu distance of 2.95 Å.[@cit4],[@cit20] While the latter two values of Ln-MDH might be the same within the error of the experiment, the difference in distance from the Asp-residue to the metal ion between Ca and Ln is significant. However in calculations by Leopoldini *et al*. on the mechanism of Ca-MDH, this Ca-Asp distance was found to vary between 2.38 and 2.82 Å, showing a high degree of flexibility of this amino acid during catalysis.[@cit39] We have also noted this flexibility in our calculations. The calculated distances of Ln-Asp in the active site with PQQ in the relevant resting state semiquinone form (PQQ˙^--^) are found to be much shorter than the experimental values (Fig. S9, S11 and Table S6[†](#fn1){ref-type="fn"}). The nature of the metal ion (Ca, La--Lu) might affect the properties of this catalytic base (Asp297/303/299) during methanol oxidation and active site regeneration. For example, a stronger Lewis acid such as Lu^3+^, interacting with Asp299 would hinder an efficient proton abstraction from methanol, but, in turn, once protonated, coordination of Asp by a stronger Lewis acid would lower the p*K*~a~ value and thus facilitate proton abstraction from this residue and regeneration of the active site. Given the high flexibility of this residue, it is unlikely that these two effects cancel each other as the distance to the Lewis acid and its positive or negative effect might vary during catalysis. (ii) *Ligand Exchange Rates and Complex Stabilities.* From decades-long research into the coordination chemistry of the lanthanides it is now well established that complex stabilities increase along the series.[@cit27] Cotton *et al.* reported that the stability constants for EDTA lanthanide complexes significantly increase from the early to the late Ln, due to changes in charge density, coordination number and entropy.[@cit60],[@cit61] These differences among the stability constants of Ln complexes are, for example, exploited in their separation by ion exchange methods. Further, Graeppi *et al.* measured the water exchange rates for the late Ln (Gd--Yb) in the complexes \[Ln(H~2~O)~8~\]^3+^ and \[Ln(PDTA)(H~2~O)~2~\]^--^ which decrease continuously throughout the series.[@cit62] Transferring these concepts to the methanol oxidation in MDH, this could suggest that once product is formed (formaldehyde or formic acid) the higher stability of a resulting Ln-product (formaldehyde and especially formic acid, or more specifically, formate under the conditions of the assay) complex would make product release and ligand exchange less favorable for the late Ln and therefore would hinder the regeneration of the active site. This hypothesis could be tested with inhibition experiments of different derivatives of MDH. (iii) *The Redox Cycling of the Cofactor PQQ.* Schelter and coworkers conducted DFT-calculations of the active site of Ce-MDH and proposed that a stronger Lewis-acid would result in lowered virtual orbitals and would therefore facilitate PQQ reduction and in turn methanol oxidation.[@cit7] Using their method, we investigated whether changing to a different lanthanide would influence this redox cycling in any way. For this we optimized the resting semiquinone PQQ**˙**^--^ and the active quinone PQQ^0^ state for Ce^3+^ and the two "extremes" of the Ln series -- La^3+^ and Lu^3+^ ([Fig. 7](#fig7){ref-type="fig"}) -- and compared the molecular orbital (MO) energies for those derivatives. While the bond lengths, the locations of the electron density as well as the MO energies of the Ce^3+^ PQQ^0^ derivative are in excellent agreement with the previously published results by Schelter, the bond lengths of the optimized structure of the published Ce^3+^ PQQ˙^--^ species deviated from our calculated coordinates (Fig. S9--S12 and Tables S5--S7[†](#fn1){ref-type="fn"}). However, as the input file and the keywords for the optimization were not given, it is difficult to comment on what caused this deviation. It should be noted that in our calculations no negative frequencies were observed.

![Calculated extended active site of *xoxF* MDH with La as the central metal and PQQ in its active PQQ^0^ form. Calculation details given in Fig. S9 and 10.[†](#fn1){ref-type="fn"} Image generated with the UCSF Chimera package.[@cit28]](c8dt01238e-f7){#fig7}

The results presented in [Fig. 8](#fig8){ref-type="fig"} suggest, that for the redox cycling, the nature of the lanthanide in the active site has only a small effect. The LUMO of the active PQQ^0^ state is PQQ-based and would be filled during the methanol-oxidation. While the energy values for the La and Ce species differ only by 0.0016 eV, the Lu LUMO is slightly lowered by 0.0408 eV. In comparison, Schelter calculated the LUMO of the Ln-MDH active site with a Ca^2+^ central metal to be 0.81 eV higher than the Ce^3+^ species. The resting semiquinone state PQQ˙^--^ shows the same PQQ-based MO which is now a single occupied HOMO. Also in this case, the Lu species is slightly lowered by 0.0590 eV compared to the La derivative. In both cases, the Lu species seems to be slightly favoured by means of energetic values, which is also in agreement with the conclusions made by Schelter and co-workers who stated that a better Lewis acid is beneficial for methanol oxidation. Protein electrochemistry with different MDH derivatives could experimentally verify the conclusions drawn from these calculations. (iv) *Activation Energies.* Lastly, the activation energies of the rate-determining step could be affected by the different lanthanides in Ln-MDH similar to the Ca/Ba-MDH that was investigated by Mainardi *et al.*[@cit48] This could be experimentally probed by determining kinetic parameters at different temperatures for different MDH derivatives. Efforts to purify and characterize such derivatives are currently underway.

![Molecular orbital diagrams of oxidized Ln PQQ^0^ and the semiquinone form Ln PQQ˙^--^. Ln = La^3+^, Ce^3+^ and Lu^3+^. Next to the MO description the location of electron density is shown in brackets.](c8dt01238e-f8){#fig8}

Materials and methods
=====================

DFT calculations
----------------

Electronic-structure calculations for determination of the redox-cycling for the Ce^3+^ PQQ^0^ and Ce^3+^ PQQ˙^--^ species were performed with Gaussian 09 [@cit63] as described by Schelter *et al.*[@cit7] Example input-files for all calculations are given in the ESI (Fig. S3, S6, S8 and S10--S12[†](#fn1){ref-type="fn"}). The B3LYP functional with the 6-31G(d) basis set for C, H, N, O was used.[@cit4] 28 electron quasi relativistic effective core potentials (ECP) and segmented basis sets were used for the central metal: MWB28.[@cit64],[@cit65] Starting point of the geometry optimization was the active site of the crystal structure of Ce-MDH isolated from SolV (; [4MAE](4MAE)). The present amino acids in the active site were truncated and the terminal carbon atoms were frozen to mimic the sterics imposed by the protein. The present polyethylenglycol was truncated as well and used as a substrate-model. The conductor-like polarizable continuum model (CPCM) was used for water, with the default settings for the universal force field (UFF) and a dielectric constant of 4, to reproduce the interior of the protein and the active site. For additional calculations with alternative Ln, the central metal in the input file was exchanged with La or Lu and the used ECP was changed accordingly. Structure optimizations for the preferred coordination number were performed in a similar manner, but with several simplifications for computational savings. Again, the B3LYP functional with the 6-31G(d) basis set for C, H, N, O was used, but larger ECPs for the central metal: MWB46 + 4f^*n*^ (*e.g.* 59 for Yb^3+^). Calculations were performed with 11 outer-sphere electrons, as pseudo-singlets (f-electrons included in ECP) and restricted closed-shell calculations in the gas phase. The present amino acids in the active site were reduced to the actual coordinating ones (Glu172, Asn256, Asp299, Asp301), which were truncated and the terminal carbon atoms, as well as all of the PQQ-atoms were frozen. The present polyethylenglycol was truncated as well but not frozen. The cerium atom was then exchanged with every Ln in the series. In case of Gd, the Harris functional was not able to form the initial guess, therefore the core Hamiltonian was used instead, using "guess = (core, always)". Test calculations with solvent model (CPCM = water), with the right spin state (smaller ECP-MWB28) or unfrozen amino acids slightly influenced the overall structure, but had no influence on the coordination numbers. For additional active center calculations, the truncated polyethylene glycol residue was manually removed, and/or the PQQ-quinone part was manually converted to a quinol. For simplification, the added quinol protons were frozen as well in their position.

Kinetic experiments
-------------------

Protein purification, handling and concentration determination were conducted after a previously reported protocol.[@cit4]*Plate-reader assay with different metal ions* (as shown in [Fig. 3](#fig3){ref-type="fig"}): A phenazine ethosulfate (PES, ≥95%, Sigma-Aldrich) and 2,6-dichlorophenolindophenol (DCPIP, sodium salt dihydrate, ≥90%, Fluka) dye-coupled assay at 45 °C was used for this experiment using 96 well microtiter plates and the Epoch2 plate reader from BioTek, Winooski, VT, USA. A commonly used protocol is shown in Fig. S1.[†](#fn1){ref-type="fn"} Each well contained 185 μL assay mix (20 mM PIPES (1,4-piperazinediethanesulfonic acid, ≥99%, BioPerformance certified, Sigma) pH 7.2, 100 μM DCPIP, 1 mM PES and 1 mM KCN) and 'partial-apo' Eu-MDH (200 nM) and this mixture was incubated for 2 minutes at 45 °C. The assay mix without enzyme had been previously incubated at 45 °C for 15 minutes in the dark to alleviate background reactions. Then 10 μL of freshly prepared 0.4 mM stock solutions of each Ln^3+^ chloride salt were added to each well (LaCl~3~·7H~2~O, CeCl~3~·7H~2~O, PrCl~3~·7H~2~O, NdCl~3~·6H~2~O, SmCl~3~, EuCl~3~·6H~2~O, GdCl~3~·6H~2~O, TbCl~3~·6H~2~O, DyCl~3~, HoCl~3~·6H~2~O, ErCl~3~·7H~2~O, TmCl~3~·6H~2~O, YbCl~3~·6H~2~O, LuCl~3~·6H~2~O, all minimum of ≥99.9% purity, ABCR). Water was added to one control well in each row. The consumption of residual MeOH which had to be added for storage of the protein, was monitored at 600 nm for 2 minutes before 10 μL of a 1 M solution of MeOH (final concentration ∼50 mM, HPLC grade, Fisher Chemical) were added for a final volume of 205 μL in each well and the oxidation reaction was monitored at 600 nm. An average of six measurements (three experimental replicates with two technical replicates each) was taken to calculate specific activities (SA) and an extinction coefficient of 18.5 cm^--1^ mM^--1^ for DCPIP at pH 7.2 in PIPES buffer was used. Initial rates (the first 3 min of the slope after methanol addition) were used for the calculation of the SA. The SA of MDH without added metal ions was normalized to 1, while the SA of each of the assays with Ln was normalized by dividing through the activity of MDH without added metal ions. No background reaction of the assay mix (without enzyme) with added metal ions was observed. Metal titrations (shown in [Fig. 2](#fig2){ref-type="fig"}) with La^3+^, Pr^3+^, Nd^3+^ and Eu^3+^ were fit using the Michaelis--Menten eqn (1)with *ν*~0~ being the initial velocity, *ν*~max~ being the maximum turnover speed, \[S\] being the substrate concentration and *K*~M~ being the Michaelis--Menten constant. But in the case of metal titrations *K*~M~ denotes *K*~assoc~, the metal association constant and \[S\] not substrate but metal ion concentration. The SA was normalized by subtracting the activity without added metal ions from the values. Here the same concentrations of assay components as above were used, however, the 10 μL of the metal stock solutions contained different concentrations of Ln to achieve the final concentrations of 0, 0.25, 1, 2, 5, 10 and 20 μM. Measuring specific activities of the mixtures of Lu and La, Nd and Eu respectively ([Fig. 6](#fig6){ref-type="fig"}), was done using the same plate reader assay as with the different metal ions (as shown in [Fig. 3](#fig3){ref-type="fig"}) with 100% of either La, Nd or Eu (20 μM), 75% (15 μM La, Nd or Eu + 5 μM Lu), 50% (10 μM La, Nd or Eu + 10 μM Lu), 25% (5 μM La, Nd or Eu + 15 μM Lu) and 0% of these three lanthanides (20 μM Lu). For the Michaelis--Menten kinetics, each well contained 185 μL assay mix (20 mM PIPES pH 7.2, 100 μM DCPIP, 1 mM PES and 1 mM KCN) and 'partial-apo' Eu-MDH (200 nM) as well as 10 μL LnCl~3~ stock for a final concentration of 20 μM and was incubated for 2 minutes at 45 °C. Methanol concentrations varied from 0, 1, 2, 5, 10, 20, 50 to 50 000 μM. Here it was important to wait until background activity from storage methanol and endogenous substrate had ceased, hence a delay of 5 minutes was introduced until methanol was added. The software KaleidaGraph 4.5 from synergy software was used to fit and plot all data.

Conclusions
===========

Ten years ago, a biological relevance of lanthanides for living organisms was unthinkable.[@cit66]--[@cit68] Now, studies of lanthanide-dependent bacterial metabolism is a quickly growing field. To answer the important questions of how these elements are made bioavailable, taken up into cells, regulate gene expression and what their advantages over calcium in the active site of enzymes are, it will take a strong collaborative effort by researchers working in the fields of microbiology, biochemistry, spectroscopy, computational and coordination chemistry. In this paper, we have investigated the methanol oxidation of a methanol dehydrogenase isolated from *M. fumariolicum* SolV with different lanthanides from a coordination chemists' point of view. While activity in the presence of early lanthanides was high, the decreasing size of the lanthanides caused by the lanthanide contraction had a negative effect on catalytic activity. Lewis acidity and co-factor activation are not the only important factors that have to be considered but coordination number preference, ligand exchange rates, substrate orientation and activation and hydrogen bonding are important factors as well.
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[^1]: †Electronic supplementary information (ESI) available: Assay protocol for the plate reader, calculated structures, example input files, tables with calculated bond lengths and angles. See DOI: [10.1039/c8dt01238e](10.1039/c8dt01238e)

[^2]: ‡For simplicity we will use the term Lanthanide and the abbreviation Ln for the elements La--Lu throughout the document, even though lanthanum is strictly speaking not a lanthanide but has become included by common usage.
